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cycloaddition ͉ density-functional theory ͉ x-ray crystallography P orphyrin complexes of gold(III) continue to draw interest for their emerging anticancer (1) (2) (3) (4) (5) and anti-HIV (6) properties, their catalytic ability (7) , and their excited-state attributes (8) (9) . Gold(III) porphyrins undergo triplet-triplet energy transfer and can act as acceptors in photoinduced electron-transfer reactions (10) (11) (12) (13) (14) . A corresponding chemistry of gold(I) porphyrin complexes has not developed (15) , although a recent report documents x-ray spectroscopic observations of gold(0) porphyrins adsorbed on the surface of gold nanoparticles (16) . Gold(I) is one of the last metal ions in a common oxidation state to bind porphyrin ligands in an isolable complex. One obstacle to achieving a gold(I) porphyrin complex might be the large radius of the metal center, which for six-coordinate gold(I) is estimated to be 1.37 Å (17) . That for six-coordinate gold(III) is 0.85 Å. Crystallographic analysis of a gold(III) tetraphenylporphyrin complex finds gold to lie inside the N 4 -binding cavity, and the macrocycle is planar (18) . Although the porphyrin macrocycle may not accommodate a large four-or five-coordinate metal ion, binding geometries not depending on N 4 -coordination are not precluded.
The chemistry of (phosphine)gold(I) cations is burgeoning (19) (20) (21) . These are the catalytic agents in a broad range of transformations at unsaturated carbon centers, primarily alkynes and allenes. Oftentimes a (phosphine)-or (N-heterocyclic carbene)gold(I) cation is formed in situ by halide abstraction with silver(I) reagents (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) . An immediate complication is the fate of silver, which itself has a notorious affinity for unsaturated carbon. Cases occur where Ag(I) causes side reactions (34) , and some reactions catalyzed by gold species are also catalyzed by Ag(I) (19) . Solvate adducts of gold(I) cations have been isolated, and these can serve as silver-free catalysts (25, (35) (36) (37) (38) . Acidolysis of organogold(I) species can afford gold(I) cations (39) , but coordination of the conjugate base cannot necessarily be discounted (40) . Simple and ready access to (phosphine)gold(I) cations remains desirable.
We have reported that the reaction of (triphenylphosphine)-gold(I) azide with terminal alkynes leads to triazolato complexes where gold binds to carbon (41) . To extend this chemistry, other reaction partners for [3 ϩ 2] cycloaddition with gold(I) azides were sought. When the reacting partner is NO ϩ , a nitrogen-rich heterocycle can be envisioned that decomposes to N 2 , N 2 O, and the gold(I) cation ( Fig. 1) (42) . Adventitious nucleophiles, such as porphyrins, can then trap the gold(I) species.
The reaction of (tricyclohexylphosphine)gold(I) azide with nitrosonium hexafluoroantimonate in the presence of octaethylporphyrin in toluene proceeds without discernible color change. On stirring, a crimson solid precipitates. Vapor diffusion of diethyl ether into an acetonitrile solution of this substance produced diffraction-quality red plates. Crystallography revealed a structure, 1(SbF 6 ) 2 , where (phosphine)gold(I) cations coordinate trans-disposed pyrrole nitrogens on opposite sides of the porphyrin heterocycle (Fig. 2) . ¶ Two SbF 6 Ϫ counterions occur per unit cell, indicating the di-gold species to be cationic; the unmetallated pyrrole nitrogens are presumably protonated. The porphyrin adopts a wave conformation and the dication resides on a center of inversion. Within the complex, the Au⅐ ⅐ ⅐Au separation is 4.6925(8) Å, and the packing diagram shows no sign of aurophilic contacts.
The structure of 1(SbF 6 ) 2 contrasts with those commonly encountered for porphyrin diacids such as H 4 OEP 2ϩ . Heavily distorted saddle conformations prevail for these doubly protonated adducts. For example, the crystal structure (43) ϩ ], and indicating that di-gold(I) porphyrins have a finite lifetime in the gas phase. Electrospray mass spectra of samples in chloroform solution give no suggestion of intact 1, although prominent peaks appear at m/z 1011.56 and 477.21, corresponding, respectively, to Cy 3 PAu(H 2 OEP) ϩ and Cy 3 PAu ϩ . Identical observations pertain to electrospray mass spectra of acetonitrile solutions. Combustion analysis of 1(SbF 6 ) 2 supports its formation as C 72 H 112 Au 2 F 12 N 4 P 2 Sb 2 , in agreement with the crystal structure. Fig. 3 reproduces the absorption spectrum that results on dissolution of 1(SbF 6 ) 2 in chloroform. Inset is a conflated absorption and emission spectrum recorded at room temperature from 400 to 750 nm. No other emission is recorded outside this wavelength range. The Soret band maximizes at 400 nm, a value essentially unchanged from that for the free base in the same solvent. However, the molar absorptivity ( ϭ 220 000 M Ϫ1 cm Ϫ1 , 400 nm) exceeds that for the free porphyrin ( ϭ 75 000 M Ϫ1 cm Ϫ1 , 400 nm) by nearly a factor of three. The Q band of the gold complex is clearly resolved into Q 0 and Q v vibronic components at 568 and 532 nm, respectively. A high-energy absorption shoulder near 490 nm is apparent in the Inset. Free octaethylporphyrin displays a four-component Q band under like conditions, with maxima at 499, 534, 566, and 620 nm. These are also less intense than the Q-band features of the compound formed by dissolving 1(SbF 6 ) 2 . Absorption maxima are unaffected by added equivalents of Cy 3 PAu ϩ . The emission spectrum of the gold complex bears a nearmirror image relationship to the Q-band absorptions (Fig. 3 Inset), thereby indicating its origin as porphyrin-centered fluorescence. The excitation spectrum of the gold compound collected at either 573 or 626 nm parallels the absorption trace. The two emission maxima, at 573 and 626 nm, are blue-shifted from the emission manifold of octaethylporphyrin, for which maxima occur at 622 nm and 657 nm. Such hypsochromically shifted porphyrin emissions are associated with planar conformations (46) . Conversely, distortions away from planarity in porphyrins induce smaller singlet-singlet splittings and red-shifted optical spectra (47) . The emission maxima for the gold complex reported here are fortuitously near those of (octaethylporphyrinato)zinc in chloroform solution at 578 and 625 nm (48) . This zinc porphyrin complex is planar in the crystalline state (49) and presumably also in noncoordinating solvents. The gold species that forms on dissolving 1(SbF 6 ) 2 in chloroform, which we assume to be a monogold adduct, is proposed to be planar in solution, with gold(I) binding datively to an unprotonated nitrogen or possibly to the porphyrin -cloud. Attempts to isolate this adduct are continuing. If 1(SbF 6 ) 2 is dissolved in acetonitrile, the absorption and luminescence spectra are identical to those of the free porphyrin.
Density-functional theory (DFT) calculations were undertaken on 1, an analogue of 1 where methyl groups replace cyclohexyl substituents on phosphorus. Geometry optimization converged on a structure that approaches C i symmetry. Calculated Au-N bond lengths are 2.170 Å, compared with 2.105 (3) Å. The Au-P bond lengths are calculated to be 2.299 Å, with 2.2432(10) Å observed. Fig. 4 depicts plots of the frontier orbitals of 1. The highestoccupied Kohn-Sham orbital (HOMO), the lowest unoccupied Kohn-Sham orbital (LUMO), the HOMO Ϫ 1, and the LUMO ϩ 1 are localized on the porphyrin macrocycle. They are Fig. 2 . Thermal ellipsoid projection of 1(SbF6)2 (50% probability ellipsoids, 100 K). Hydrogen atoms are omitted for clarity. Fig. 3 . Absorption spectrum after dissolution of 1(SbF 6 ) 2 in chloroform. (Inset) Absorption (solid line) and emission (dashed line) spectra of chloroform solutions in which 1(SbF 6 ) 2 has been dissolved. All spectra were measured at room temperature.
the four Gouterman orbitals (50) that dominate the optical spectroscopy of porphyrin derivatives. The Me 3 PAu ϩ fragments combined provide at most 1.7% (for the HOMO Ϫ 1) of these orbitals' electron density.
The orbital correlation diagram indicates little covalency in gold-porphyrin binding. The (phosphine)gold(I) cations are clearly Lewis acidic (20) , certainly compared with the electronrich octaethylporphyrin. In a normal donor-acceptor interaction, lone-pair electrons on the base donate into a vacant orbital on the acid; this orbital is stabilized (and filled) in the complex. However, the LUMO and LUMO ϩ 1 of the gold fragments correlate overwhelmingly with the unoccupied orbitals of 1. Minor contributions of these (phosphine)gold orbitals to the HOMO Ϫ 10 (6.3%) and HOMO Ϫ 11 (5.7%) are indicated in Fig. 4 .
The extent of bonding between gold and nitrogen in 1 can be quantified by the Wiberg bond order (51) . For atoms A and B, the generalized Wiberg bond order B AB is defined as:
where a and b connote the basis atomic orbitals a and b ; P is the total density matrix, and S is the overlap matrix. For model complex 1 the Wiberg bond order between Au and N is 0.667, and the calculated interaction energy between porphyrin and (phosphine)gold(I) fragments is 118.81 kcal mol Ϫ1 ; on correction for basis set superposition error (52, 53) , this figure reduces to 110.57 kcal mol Ϫ1 . The crystal structure of 1(SbF 6 ) 2 raises the question why gold binds nitrogen rather than interacting datively with the carbocyclic framework. The Fukui function f (54, 55) indicates the change in the electron density at a given atom when the number of electrons N elec changes:
This function can be redefined in terms of orbital contributions on electron loss or gain, where n i is the occupation number of orbital i :
electron loss:
Clearly, the R 3 PAu ϩ fragment is Lewis acidic, and f Ϫ , corresponding to local electron loss, is the pertinent quantity. Within a frozen-core approximation, the derivative terms are zero and contributions from the HOMO determine f Ϫ . Sites having large electron density in the HOMO have large values of f Ϫ and are most prone to electrophilic attack.
In model complex 1, two porphyrin meso carbons bear the highest Fukui functions, f Ϫ ϭ 13.31. The nonprotonated nitrogens and the other two meso carbons coincidentally share the second-highest f Ϫ at 12.97. For comparison, for the protonated nitrogen atoms, f Ϫ ϭ 3.92. Thus, the Fukui function does not by itself predict the observed gold-nitrogen bonding.
A natural atomic charge calculation (56, 57) finds the nonprotonated nitrogen atoms to be the most negative of the unsaturated porphyrin core, with a charge of Ϫ0.501.
ʈ All four meso-carbons are more positive, with calculated charges of Ϫ0.222. Thus, local charge buildup apparently prevails in the regioselectivity of R 3 PAu ϩ binding, although crystal packing effects cannot be fully dismissed.
Charge transfer between octaethylporphyrin and the (phosphine)gold(I) fragments of 1 are estimated computationally with a Dapprich-Frenking charge decomposition analysis (CDA) (58, 59) . Here, the reorganization of electronic density on complexation is calculated in a manner that includes polarization within fragments as well as charge transfer. Both forward-and back-donation are calculable. However, because of interfragment polarization, the difference between forward-and back-donated electronic charge does not equal the net translocation of electrons between fragments (60). A CDA calculation finds the two gold fragments to be net acceptors of electron density, with a transfer of 1.3 electrons from octaethylporphyrin to the two Me 3 PAu ϩ cations. Back-donation from gold to H 2 OEP amounts to 0.25 electron, a minor effect consistent with the gold fragments' cationic charge and the d 10 character of gold(I).
In summary, (tricyclohexylphosphine)gold(I) cations have been generated in the absence of silver reagents or strong protic acids. A concerted [3 ϩ 2] cycloaddition mechanism is proposed for the reaction of Cy 3 PAuN 3 with NO ϩ to yield an unstable heterocycle that fractures to N 2 , N 2 O, and Cy 3 PAu ϩ . The gold cation so liberated can be trapped with exogenous Lewis bases, here, octaethylporphyrin. The crystal structure of the resulting complex shows a centrosymmetric monoporphyrin di-gold adduct with Au-N bonds. Spectroscopic investigation suggests that the complex fragments in solution to a monogold adduct and free Cy 3 PAu ϩ . DFT calculations of the di-gold complex indicate that gold(I)-porphyrin binding is substantially electrostatic. Frontier orbitals are porphyrin -functions with miniscule (phosphine)-gold(I) character. Ligand electrostatics accounts for the regiochemistry of metal binding: gold attaches to the most negative site available.
Finally, we note that the gold(I) oxonium complexes of Nesmeyanov and coworkers (61) (62) (63) (64) (65) are convenient sources of R 3 PAu ϩ equivalents. To our knowledge, no (N-heterocyclic carbene)gold(I) analogues have been reported; neither have oxonium cations bearing encumbrancing dialkylbiaryl phosphine ligands emerged. Azidogold(I) complexes are attainable for all these ligands.
The unmasking protocol described here likely extends to other gold(I) complexes and also to homogeneous catalysis. These investigations are ongoing.
ʈ The terminal methyl carbons have larger negative charges, Ϫ0.600. 
Experimental Procedures
General. Reagents were obtained from commercial sources and used as received. Solvents were passed through on Mbraun solvent purification system before use. Microanalyses (C, H, and N) were performed by Quantitative Technologies Inc. NMR spectra ( 1 H, 31 P) were recorded on a Varian AS-400 spectrometer. UV-Visible spectra were recorded on a Cary 5G UV-Vis-NIR spectrophotometer. Fourier-transform infrared spectra were recorded on a Midac Corporation M-series (M2000) spectrometer. Emission spectra were recorded on a Cary Eclipse Fluorescence Spectrometer after solutions had been degassed with argon for at least 20 min.
(Cy 3P)AuN3. (Cy3P)AuOAc (OAc ϭ acetate) (14 mg, 0.026 mmol) was dissolved in benzene (3 ml), and to this solution was added azidotrimethylsilane (3 eq, 0.01 ml, 0.075 mmol). The resultant solution was stirred for 18 h, and the solvent removed by rotary evaporation. The residue was triturated with pentane, and the white solid collected and dried. Yield: 11 mg (82%). 1 Single-crystal x-ray data were collected on a Bruker AXS SMART APEX CCD diffractometer by using monochromatic Mo K␣ radiation with omega scan technique. The unit cells were determined by using SMART (66) and SAINTϩ (67). Data collection for all crystals was conducted at 100 K (Ϫ173.5°C). All structures were solved by direct methods and refined by full matrix least squares against F 2 with all reflections by using SHELXTL (68) . Refinement of extinction coefficients was found to be insignificant. All nonhydrogen atoms were refined anisotropically. The N-H atom was located in a difference density Fourier map and the N-H distance was restrained to 0.86(2) Å. All other hydrogen atoms were placed in standard calculated positions and all hydrogen atoms were refined with an isotropic displacement parameter 1.5 (CH 3) or 1.2 (all others) times that of the adjacent carbon or nitrogen atom.
Computations. Spin-restricted density-functional theory computations were performed within the Gaussian03 program suite (69) . Calculations used the modified Perdew-Wang exchange functional of Adamo and Barone (70) and the original Perdew-Wang correlation functional (71). Gas-phase geometry optimization proceeded by using the 6-31G(d,p) basis set** for nonmetal atoms (72, 73) . Gold orbitals were described with the Stuttgart effective core potential and the associated basis set (74) which was contracted as follows: Au, (8s,7p,6d)3[6s,5p,3d] . No symmetry was imposed during optimization. A single-point calculation was performed on the resulting optimized geometry. In this calculation, nonmetal atoms were described with the TZVP basis set of Godbout, Andzelm, and coworkers (75) . The Stuttgart effective core potential and basis set were again used for gold. Relativistic effects with the Stuttgart ECP and its associated basis set are introduced with a potential term (i.e., a one-electron operator) that replaces the two-electron exchange and Coulomb operators resulting from interaction between core electrons and between core and valence electrons. In this way relativistic effects, especially scalar effects, are included implicitly rather than as four-component, one-electron functions in the Dirac equation. Percentage compositions of molecular orbitals, overlap populations, and bond orders between fragments were calculated by using the AOMix program of Gorelsky (76, 77) . 
